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1  Summary  and  Significance  of  Research  Accomplished 

Vbrte.x  breakdown  is  a  three-dimensional,  unsteady  and  intrinsically  nonlinear  phe¬ 
nomenon.  The  underlying  physical  mechanisms  are  intricately  interconnected,  and  the 
goal  of  a  comprehensive  physical  theory  is  a  large  and  long  term  one.  E.xperirnental  ev¬ 
idence  makes  it  clear  that  the  essential  features  triggering  breakdown  are  the  upstream 
velocity  profiles  in  the  vortex  core  and  the  external  pressure  gradients  to  which  the  core 
is  subjected.  Furthermore,  experimental  phenomenology  makes  it  reasonably  certain 
that  the  physical  mechanisms  involved  are  propagation  of  strongly  nonlinear  waves, 
amplification  of  these  waves  due  to  forcing  effected  by  the  external  pressure  gradient 
(not  an  instability),  and  secondary  three-dimensional  instability.  .A.11  three  effects  are 
essential  in  high  Reynolds  number  flow. 

The  research  program  that  has  been  prosecuted  addresses  these  fundamental  physical 
elements  in  three  ways.  First,  the  existence  of  strongly  nonlinear  waves  in  vortices  of 
aerodynamic  type  was  shown  in  the  paper  by  Leibovich  and  Kribus  fthe  citations  to 
research  here  and  to  follow  are  to  research  sponsored  by  this  grant,  and  listed  in  sc'ction 
3  of  this  report),  and  the  nature  of  these  waves  was  characterized.  The  method  used  to 
construct  these  solutions  was  necessarily  numerical,  but  it  was  shown  that  the  resulting 
solutions  were  of  solitary  wave  form,  and  were  reasonably  well  approximated  bv  semi- 
analytical  models,  even  when  the  waves  were  highly  nonlinear.  This  latter  finding  is 
important  if  a  description  of  sufficient  simplicity  to  make  the  control  of  vortex  breakdown 
a  reasonable  prospect  is  to  be  found.  This  has  been  a  key  objective  of  our  program. 

Secondly,  the  instability  of  vort':al  flows  of  aerodynamic  type  has  been  addressed. 
The  motivation  for  the  stability  work  is  threefold.  First,  one  method  of  controlling 
vortex  breakdown  is  to  alter  the  characteristics  of  the  vortex,  and  in  particular  the 
velocity  profiles.  One  method  of  accomplishing  this  result  is  to  trigger  an  instability. 
The  paper  by  Brown  et  al.  uncovered  the  dominant  modes  of  instability  of  the  leading 
edge  vortex. 

.\  second  motivation  for  studying  instability  is  basic  little  is  known  about  the 
nonlinear  consequences  of  the  linear  instability  of  vortices.  The  thesis  of  5'ang.  and 
the  papers  by  Yang  and  Leibovich.  and  by  Mahalov  and  Leibovich.  all  address  this 
fundamental  question.  Here  nonlinear  resonances  are  found  to  be  possible  and  to  induce 
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stronger  growth  than  "ordinary"  linear  instabilities.  In  addition,  these  resonances  lead 
to  intermittency  in  the  flows,  and  to  the  irregular  birth  and  death  of  what  might  be 
called  coherent  structures. 

The  third  motivation  is  directly  related  to  the  role  of  instability  to  the  mechanics  of 
vortex  breakdown.  This  stability  problem  of  necessity  concerns  the  stability  of  a  ( highly) 
"nonparaller  flow,  and  very  little  is  known  about  this  kind  of  problem.  Formidable 
numerical  difficulties  have  hampered  progress  on  such  problems,  and  new  numerical 
methods  are  required.  The  thesis  and  paper  by  Kribus.  and  the  paper  (in  progress) 
by  Kribus  and  Leibovich  attack  this  problem,  within  the  context  of  the  mechanics  of 
vortex  breakdown.  The  strongly  nonlinear  waves  found  earlier,  and  constituting  a  key 
feature  of  vortex  breakdown,  are  found  to  be  unstable  to  three-dimensional  instabilities 
when  the  wave  amplitude  exceeds  a  threshold  that  depends  on  Reynolds  number.  The 
form  of  the  dominant  eigenfunctions  show  precisely  the  kind  of  asymmetry  and  spatial 
distribution  seen  in  experimental  realizations  of  vortex  breakdown,  a  fact  that  we  find 
very  exciting  and  encouraging.  The  energy  loss  to  the  wave  caused  by  the  instability  is 
expected  to  stabilize  the  position  of  the  breakdown,  and  the  resulting  flow  is  expected 
to  consist  of  the  (largely  intact)  remnants  of  the  strongly  nonlinear  wave  together  with 
smaller  contributions  of  the  3D  instability. 

We  believe  the  instability  results,  particularly  those  found  by  Kribus.  will  allow  us 
to  extract  a  simple  parameterization  of  the  nonlinear  effects  of  the  instability,  which 
will  be  immediately  usable  in  the  simple  parametric  model  of  vortex  breakdown  that 
we  believe  we  now  can  construct. 

The  two  rundarnenlal  (juestions  concerning  the  role  of  numerical  experiment,  and 
the  incorporation  of  the  physical  effects  of  impressed  pressure  gradients,  are  raised  in 
two  venues  by  Leibovich.  In  his  plenary  lecture  to  the  lUT.VM  Symposium  on  Sepa¬ 
rated  Flows  and  .lets,  it  was  shown  how  the  pressure  gradient  can  be  included  as  an 
imperfection  in  the  bifurcation  problem  leading  to  the  nonhnear  solitary  waves  that 
can  propagate  on  vortex  cores.  The  extreme  difficulty  of  the  numerical  experiment  for 
flows  containing  vortex  breakdown  was  also  addressed,  with  particular  emphasis  on  the 
usual  circumstance  in  which  the  outflow  boundary  is  placed  in  a  region  of  the  flow  that 
is  known  from  experiment  to  be  simultaneously  subcritical  (to  wave  propagation)  and 
unstable.  Both  of  these  issues  were  also  disni.s.sed  in  the  paper  appearing  in  the  volume 
Turbulence  and  Coherent  Structures. 
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